Abstract Aims/hypothesis: We tested the hypothesis that diabetic glomerulosclerosis would develop more rapidly in animals with fewer glomeruli. Methods: We studied the female offspring of Wistar rats that had been fed a low-protein diet (LPD) containing 6% protein or a normal-protein diet (NPD) containing 18% protein during pregnancy. Streptozotocin diabetes was induced at 12 weeks and animals were killed at 40 weeks. Results: Non-diabetic LPD offspring were of lower birthweight than the NPD offspring (5.19± 0.64 vs 6.45±0.67 g, p<0.001) and had fewer glomeruli (27,402±3,137 vs 34,203±6,471, p<0.05). Glomerular volume correlated inversely with glomerular number (r=−0.64, p=0.035), but total glomerular filtration surface area was reduced in the LPD animals (4,770±541 vs 5,779±1,302 mm 2 , p=0.05). Other renal structural and functional parameters were similar. In LPD and NPD diabetic animals, glomerular volume and basement membrane width were significantly increased compared to their respective controls. Podocyte density was lowest in the LPD diabetic animals (not significant), and the area covered by each podocyte was greater in the LPD diabetic group (2.40±0.693 ×10 −3 mm 2 ) than in the LPD control group (1.68±0.374 ×10 −3 mm 2 , p<0.001) and in the NPD diabetic animals (1.71±0.291 ×10 −3 mm 2 , p<0.05). There was no difference in any other structural or functional parameter between the LPD and NPD diabetic animals. Conclusions/ interpretation: A decrease in glomerular number was not deleterious to renal structure and function over 40 weeks in this animal model. Further work in models with progressive renal impairment and hypertension is necessary to clarify the impact of glomerular number on the development of renal disease.
, p=0.05). Other renal structural and functional parameters were similar. In LPD and NPD diabetic animals, glomerular volume and basement membrane width were significantly increased compared to their respective controls. Podocyte density was lowest in the LPD diabetic animals (not significant), and the area covered by each podocyte was greater in the LPD diabetic group (2.40±0.693 ×10 −3 mm 2 ) than in the LPD control group (1.68±0.374 ×10 −3 mm 2 , p<0.001) and in the NPD diabetic animals (1.71±0.291 ×10 −3 mm 2 , p<0.05). There was no difference in any other structural or functional parameter between the LPD and NPD diabetic animals. Conclusions/ interpretation: A decrease in glomerular number was not del-
Introduction
The Barker hypothesis suggests that an intrauterine insult, leading to low birthweight, predisposes to the development of chronic diseases such as hypertension, cardiovascular disease and diabetes [1, 2] . Animals of low birthweight (LBW) induced by protein deprivation in utero have smaller kidneys with lower numbers of glomeruli than animals of normal birthweight (NBW) [3, 4] . Although some compensatory hypertrophy of the remaining nephrons occurs, it is likely that the total glomerular filtration surface area remains low. However, detailed histological analysis of the kidney in LBW animals is lacking, most studies reporting only glomerular volume and capillary length, or using semiquantitative scoring systems only.
Hypertension is more common in LBW individuals [1, 2] , probably because of a reduction in the glomerular filtration surface area [5] . This combination of reduced glomerular number, reduced filtration surface area and hypertension is believed to result in an increased incidence and accelerated progression of non-diabetic renal diseases [6] [7] [8] .
Diabetic nephropathy is characterised by progressive rises in urinary albumin excretion rate and blood pressure, with declining glomerular filtration and eventually glomerulosclerosis [9] . There is accumulation of basement membrane and mesangial matrix, widening and effacement of the foot processes of podocytes, and loss of podocytes. The decline in glomerular filtration rate correlates with the reduction in glomerular filtration surface area [10] .
We hypothesise that when individuals with LBW and thus reduced glomerular number and lower total filtration surface area develop diabetes, they will be at increased risk of nephropathy, which will progress more rapidly than nephropathy in NBW individuals who develop diabetes. There is some support for this, in that several studies have shown that men with type 1 diabetes and nephropathy [11] and men and women with microalbuminuria [12] are shorter than their peers without nephropathy, adult height being used as a surrogate for LBW. To test this hypothesis, we have used a rat model of LBW and reduced glomerular number, achieved by protein deprivation in utero. We have demonstrated previously in LBW animals that the acute renal adaptation is altered after 1 week of diabetes [13] . In this study we explore the long-term consequences of diabetes in this model of LBW and reduced glomerular number.
Materials and methods

Animal care
Animal experiments were carried out in accordance with the 1986 UK Home Office Regulations. For 1 week before timed mating and during pregnancy, female Wistar rats (Charles River, Margate, Kent, UK) were fed a low-protein diet (LPD) containing 6% casein or a normal-protein diet (NPD) containing 18% casein (Usine d'Alimentation Laboratories, Lille, France). Diets were isocaloric with a similar source of protein, carbohydrate and lipid. The LPD contained supplemental methionine (0.3% vs 0.23%).
Female offspring were weighed at birth and cross-fostered to NPD periparturient lactating dams so that the rats were only exposed to LPD in utero. Following weaning, at 21 days, rats were housed in cages at 21±2°C with a cycle of 12 h light (0600-1800 hours), and free access to water and standard rat chow.
Pre-diabetes procedures
Body weight was measured weekly from weaning until 12 weeks of age. Urine albumin excretion rate (UAER) and chow consumption were measured at weeks 4, 8 and 12. 
Perfusion fixation
At 28 weeks post-diabetes, anaesthesia was induced using a cocktail of 1 ml Hypnorm (Janssen Pharmaceutica, Beerse, Belgium) and 1 ml midazolam (5 mg/ml; Roche Products, Welwyn Garden City, UK) diluted in 2 ml water for injection, at a dose of 0.27 ml/100 mg body weight. The right kidney was removed and frozen in liquid nitrogen. Total body perfusion was performed using 4% phosphate-buffered formalin and 1% glutaraldehyde. The left kidney was removed, stripped of its capsule and weighed before storage in 4% phosphate-buffered formalin at 4°C. Kidneys from eight randomly selected animals from each group were processed for light and electron microscopy.
Light microscopy
Each left kidney was cut into 2-mm slices using a razor blade fractionator [14] . Alternate slices were dehydrated in graded alcohol and embedded in methacrylate resin. Blocks were serially sectioned at 20-μm intervals using a Universal Reichert Jung microtome. Every tenth section and its adjacent section were selected for the estimation of glomerular number by the dissector fractionator technique [15] . Sections were stained with periodic acid Schiff and viewed using an Olympus light microscope with video camera attachment.
Estimation of glomerular number
One section from each pair was designated the reference section and the other the look-up section. The reference section was moved systematically in 5-mm steps on the microscope stage and each image was captured with the camera and Image-Pro software. The corresponding areas in the look-up slide were found and the two images were viewed side by side on the computer screen at a magnification of ×85.
An unbiased two-dimensional counting frame was superimposed on the images and the number of glomeruli appearing in the reference but not the look-up section was counted. To improve efficiency, the roles of the reference and look-up sections were then reversed. The total glomerular number (GN) per kidney was then calculated from: Where f 1 = sampling fraction 1; f 2 =sampling fraction 2; f a =sampled area; Q -=number of glomeruli counted. The numerical density of glomeruli (N V ) was calculated from:
Where P f =points on reference area; a=area represented by P f ; t=section thickness.
Estimation of glomerular volume
One slide from each pair was selected randomly and areas were sampled as above. A grid of coarse and fine points was superimposed and the numbers of coarse points hitting the reference area (P kid ) and of fine points hitting glomeruli (P glom ) were counted. The glomerular volume density (V V ) was calculated from:
where R = ratio of coarse to fine points. Mean glomerular volume (MGV) was calculated from the formula:
Electron microscopy
Small pieces of cortical tissue (1 mm 3 ) were postfixed in osmium tetroxide, dehydrated in graded alcohol and embedded in epoxy resin. Ultrathin sections were taken from three glomeruli per animal, stained with uranyl acetate and lead citrate, and examined using a Philips CM100 electron microscope. The whole glomerular profile was photographed for the estimation of mesangial volume fraction by point counting [16] , podocyte number was estimated by the method of Weibel [17, 18] and surface densities were calculated using the line intercept method [19] . To obtain absolute surfaces, densities were multiplied by glomerular volume. The surfaces measured were the filtration surface (peripheral basement membrane), mesangio-capillary and mesangio-urinary surfaces. The sums of the filtration and mesangio-urinary surfaces were calculated to estimate the total surface area of glomerular basement membrane (GBM) underlying the podocytes. Higher magnification micrographs were systematically randomly sampled for the estimation of GBM width, and foot process width [16, 20] .
Laboratory methods
Aliquots of 24-hour urine were stored at -40°C before the urine albumin concentration was estimated by singleantibody radioimmunoassay with polyethylene glycol precipitation [21] . The intra-assay and inter-assay coefficients of variation were less than 5% and 10%, respectively. Serum and urine creatinine were measured by an automated Jaffé reaction, with correction for the prevailing glucose concentration. Fructosamine was assayed using the Fructosamine Test Plus (Hoffman-La Roche, Basel, Switzerland), as described previously [22] . 
Statistical analyses
Albumin excretion rate was log transformed before analysis to correct for skewed distribution. Values are given as mean±SD or median (range). Comparisons between groups were carried out using one-way analysis of variance with the Bonferroni correction for multiple corrections. A twotailed p value <0.05 was considered statistically significant. All analyses were performed using SPSS version 11.
Results
Effects of LPD: comparison of control LPD and control NPD animals
LPD animals were of significantly lower birthweight than NPD animals (Table 1 ) and the weight of the LPD control animals remained lower than that of the NPD control rats throughout the study (Table 2 and Fig. 1a ). Chow consumption, SBP and UAER were similar in the LPD and NPD groups throughout (Fig. 1c) . Creatinine clearance at the end of the study was similar in the two groups of animals ( Table 2) . Kidney weight and the ratio of kidney weight to body weight were similar in LPD and NPD control animals ( Table 3 ). Glomerular number was significantly reduced in the LPD animals (Table 3) , with a significant correlation between birthweight and glomerular number in the combined cohort of LPD and NPD animals ( Fig. 2; r=0.5; p=0.002) . There was also a significant negative correlation between mean glomerular number and mean glomerular volume (r=−0.64, p=0.035, Fig. 3a) . Mean glomerular volume, GBM width, volume fraction of mesangium and mesangio-urinary surface and the filtration surface area per glomerulus of peripheral GBM were all similar in LPD and NPD control animals (Table 3 ). However, the total glomerular filtration surface area per kidney (GBM surface area × number of glomeruli) was lower in the LPD animals (4,770±541 vs 5,779±1302 mm 2 ; p=0.05).
Podocyte number, density and the area covered by each podocyte were similar in NPD and LPD control animals, as were foot process width on both mesangium and GBM.
Effects of diabetes: comparison of control and diabetic animals within each diet group
Body weight in LPD and NPD diabetic animals was significantly lower, and chow consumption was significantly higher, than in their respective control groups (Table 2 and Fig. 1a ). Blood glucose throughout the study (Fig. 1b) and serum fructosamine at the end of the study (Table 2) were significantly higher in LPD and NPD diabetic animals than in the control animals. UAER increased throughout the study, and creatinine clearance was significantly increased in the two groups of diabetic animals ( Table 2 and Fig. 1c ). Blood pressure did not change. Kidney weight and kidney weight to body weight ratio were higher in both diabetic groups (Table 3) diabetic groups compared to their respective controls (p<0.05) as was GBM width, although this difference did not reach statistical significance (p=0.06 for both; Table 3 ). In contrast to the non-diabetic animals, the correlation between glomerular number and mean glomerular volume in the diabetic animals did not reach significance ( Fig. 3b ; r=−0. 38, p=0.20) . GBM width correlated with UAER at week 28 of diabetes in both LPD (r=0.53, p=0.008) and NPD animals (r=0.42, p=0.046). The greater mesangio-urinary surface area in the diabetic animals was significant in the LPD group only, suggesting that changes were occurring in the mesangium.
The absolute number of podocytes was not altered by diabetes (Table 3) . However, because of the increase in glomerular volume, podocyte density was lower (ANOVA p=0.024) and the total surface covered by the podocytes was greater (ANOVA p=0.046) in the diabetic animals, although the differences between individual groups did not reach conventional statistical significance. The area covered by each podocyte was increased in the LPD diabetic animals compared to their respective control group. Foot process width on mesangium and GBM was similar in diabetic and control animals.
Interaction of diabetes and LPD: comparison of LPD and NPD diabetic animals
Body weight was significantly lower in the LPD diabetic animals compared to the NPD diabetic animals ( Table 2 and Fig. 1a ). There were no differences in chow consumption, serum fructosamine, blood pressure, UAER and creatinine clearance between LPD and NPD diabetic animals. Kidney weight was significantly lower in the LPD diabetic animals, but the kidney weight to body weight ratio was similar. By design, glomerular number was significantly lower in the LPD diabetic animals. Mean glomerular volume was similar (1.84±0.24 vs 1.69±0.22 ×10 6 μm 3 , p=0.271) and no differences were found in GBM width, volume fraction of mesangium, mesangio-urinary surface or podocyte number (138±37 vs 174±35, p=0.095). Podocyte density was reduced (ANOVA p=0.024), although the difference in podocyte density between the LPD and NPD diabetic animals did not reach significance (95±29 vs 133±35 per 10 6 μm 3 , p=0.305). However, the area covered by each podocyte was significantly greater in the LPD diabetic animals compared to the NPD diabetic animals (2.40±0.693 vs 1.71±0.281 ×10 −3 mm 2 , p<0.05). In the LPD diabetic animals, podocyte density (r=−0.68, p=0.004; Fig. 4 ) and area covered by each podocyte (r=0.481, p=0.017) correlated with UAER at 28 weeks of diabetes. No such relationships were seen in the NPD diabetic animals (density r=−0.15, p=0.59, Fig. 4 ; area r=0.269, p=0.214). Foot process widths on mesangium and GBM were similar in diabetic LPD and NPD animals.
In the whole cohort of animals, mean glomerular volume correlated with UAER at 28 weeks of diabetes (r=0.67, p<0.001) and creatinine clearance (r=0.48, p<0.05).
Discussion
As expected from previous studies [23] , animals whose dams were fed LPD were of lower birthweight and had fewer glomeruli than animals whose dams were fed NPD. Protein restriction in pregnancy is associated with increased apoptosis of mesenchymal cells at the start of rat metanephrogenesis, so that fewer precursors are available to differentiate into nephrons [24] . Angiotensin may also play a role, as renal expression of the angiotensin II type 2 receptor is reduced in animals exposed to LPD in utero, with a greater and more prolonged pressor response to infusion of angiotensin II [25] .
Glomerular number was reduced by approximately 20%. The interrelationship of low birthweight, glomerular number and glomerular volume is supported by the positive correlations between birthweight and glomerular number and the inverse correlation between glomerular number and mean glomerular volume. However, the total filtration surface area was lower in the LPD than in the NPD control animals. Despite this, no deleterious effects were observed on UAER or creatinine clearance. Glomerular filtration rate is reported to be normal at 19 weeks in a similar rat model of LPD as used in this study [23] , although in another study UAER was increased by 20 weeks of age [26] . In small, long-term studies of individuals of low birthweight, glomerular filtration rate and UAER are normal in early adulthood [27, 28] . Many previous studies have described changes in glomerular volume [23, 29, 30] secondary to a reduction in glomerular number produced by a variety of causes. However, a detailed systematic analysis of kidney morphology in low birthweight animals has not been described previously. No abnormalities were found in any of the histological parameters examined in the LBW compared to NBW animals. Thus for the 40 weeks duration of this study, a reduced number of glomeruli does not appear to be deleterious to the kidney. However, we cannot exclude the possibility that pathological changes might occur over a longer time or if the reduction in glomerular number were more marked, as in uninephrectomy. In a rat model of oligonephronia induced in utero by gentamicin and using descriptive histological techniques only, mesangial lesions and glomerular sclerosis were more common than in control animals at 24 months [31] . A parallel may be drawn with renal transplant donors, where longitudinal studies have shown no adverse effects in the early years after nephrectomy [32] but an increased prevalence of microalbuminuria and hypertension after 12-31 years [33] .
Epidemiological studies have suggested that individuals with a birthweight <2.5 kg are at increased risk of developing end-stage renal disease [7, 34] or albuminuria [6] compared to those with a birthweight >2.5 kg. Low birthweight, with fewer glomeruli, may provide a partial explanation for the excess end-stage renal disease in African Americans compared to Caucasians [7] . However, a second insult may be necessary before the detrimental effects of the reduced nephron mass become apparent. Congenital nephron deficits may interact with environmental and genetic factors to generate glomerulosclerosis [35] . In children with nephrotic syndrome [36] or IgA nephropathy [37] , those with intrauterine growth retardation had higher blood pressure and more rapidly progressive disease than those of normal birth weight.
Our LPD animals with streptozotocin-induced diabetes were subjected to such a second insult. The LPD and NPD diabetic animals showed the classical functional and structural changes associated with early human and experimental diabetic glomerulosclerosis. UAER, creatinine clearance, mean glomerular volume and basement membrane thickness were all increased. Changes in these parameters were generally similar in the LPD and NPD diabetic animals, the only difference being that the average area covered by each podocyte was greater in the LPD diabetic animals compared to the NPD diabetic group. Significant correlations between both podocyte density and the area covered by each podocyte with UAER were observed only in the LPD animals. The significance of these changes is unclear but the podocyte may be particularly sensitive to changes in intraglomerular pressure with increased mechanical stretch. This is likely to be higher in the LPD compared to NPD animals [38] . Thus these podocyte changes may be an important early indicator of significant structural and functional damage. The podocyte changes per se may enhance proteinuria and contribute to later damage. Foot process broadening and effacement and a reduction in podocyte number are recognised in diabetes [39] [40] [41] [42] .
Thus overall, there was no compelling evidence that animals of low birthweight, and thus with fewer glomeruli, developed the histological changes of diabetic glomerulosclerosis more rapidly than animals of NBW with significantly higher numbers of glomeruli. It should be noted that although the streptozotocin-induced diabetes model exhibits functional and structural changes which parallel those seen in early human diabetic nephropathy, progressive renal impairment and the more advanced structural changes of human diabetic glomerulosclerosis do not develop. Indeed, there is currently no satisfactory animal model that demonstrates the classical characteristics of progressive diabetic glomerulosclerosis. However, it is conceivable that reduced glomerular number may influence the loss of glomerular filtration rate later in the disease process. Second, our animals were not hypertensive. The presence of systemic hypertension exacerbates most forms of kidney disease and does interact with hyperglycaemia to induce greater structural damage [43, 44] . Although frank systemic hypertension is not a feature of early human diabetic nephropathy, it is possible that with the addition of a third insult, hypertension, LPD diabetic animals may have more rapidly progressive renal disease than NPD animals.
The evidence that LBW humans are more likely to develop kidney disease is conflicting. Although initial studies suggested this was the case [11, 12] , two recent studies in type 1 diabetes found no influence of low birthweight on the subsequent development of diabetic nephropathy [45, 46] . In a small series, no relationship between birthweight and glomerular number and volume was found in patients with type 2 diabetes [47] . However, in the Pima Indians, the prevalence of increased UAER is higher in LBW compared to NBW individuals [48] .
In conclusion, LBW animals have a reduced number of glomeruli and a reduced total glomerular filtration surface area. However, over the duration of this study, renal structural or functional abnormalities did not develop. When a second renal insult, diabetes without hypertension, is added, no change in structure or function was observed, over and above the expected changes of diabetes. Thus for the duration of this study, a 20% reduction in glomerular number had no deleterious effects on renal structure and function in animals with or without diabetes. Further work, of longer duration and perhaps in animal models of diabetes with hypertension in which progressive renal impairment occurs, is necessary to clarify the impact of LBW on the development of kidney disease.
